In this paper, the influence of different mean void fraction correlations on a shell-and-tube evaporator dynamic model performance has been evaluated. The model proposed is based on the moving boundary approach and includes the expansion valve modelling. Several transient tests, using R134a as working fluid, have been carried out varying refrigerant mass flow, inlet enthalpy and secondary fluid flow. Then, the model performance, using different mean void fractions, is analysed from the system model outputs (evaporating pressure, refrigerant outlet temperature and condensing water outlet temperature). The slip ratio expressions selected are: homogenous, momentum flux model, Zivi's, Chisholm's and Smith's correlations. The results of the comparison between experimental and model predictions depend on the transient characteristics and there is not a single slip ratio correlation that provides the best performance in all the cases analysed. Nomenclature area (m 2 ) expansion valve parameter (m 2 ) expansion valve parameter (m 2 K -1 ) cp specific heat capacity, (J kg -1 K -1 )
Introduction
Refrigeration facilities based on vapour compression cycles are responsible for about 30% of the total energy consumption (Bouzelin et al., 2005) for utility companies. Therefore, it is desirable to use appropriate models to improve both their performance and management.
Most of the models used, either steady state or dynamic, are based on physical laws and they usually use fluid properties and components characteristics as input data.
When the aim of the model is simply to simulate specific conditions or to design systems and components, the steady state modelling is enough. In the available literature there are a lot of works that refer to steady state models of vapour compression systems (Gordon and NG, 2000) , applied to different type of installations, as reciprocating (Bourdouxhe et al., 1994) or centrifugal (Braun et al., 1996) chillers. Browne and Bansal (1998) also reported different models of vapour-compression liquid chillers developed in the past decades and Li et al. (2014) reviewed the research advancement in dynamic modeling of HVAC equipment.
As vapour compression systems work most of the time under transient conditions (Roetzel and Xuan, 1999) , steady state models cannot accurately describe the system response due to variations in their operating variables. Therefore, sometimes it is necessary to characterize the system transient behaviour by means of dynamic models. In this way, the characteristics of the systems can be better analysed, the new components can be properly designed and, finally, that could lead to improve its operation and efficiency. Bendapudi and Braun (2002) summarized various methodologies adopted in transient modelling and their applicability to chillers.
It is well-known that heat exchangers, and the types of changes related to their dynamics (Rasmussen and Shenoy, 2012) , are the most complex parts of the vapour compression models. To describe the dynamic behaviour of heat exchangers three main approaches are commonly used (Rasmussen, 2012) : finite-volume distributed-parameter (FV), movingboundary lumped-parameter (MB) models and a hybrid technique of both. The general methodology applied in these approaches consists of applying the conservation equations into the heat exchanger control volumes.
On the one hand, when using the MB model, each control volume corresponds to those of the different fluid phase regions. In refrigeration and air conditioning evaporators, two zones are considered: evaporation zone and vapour superheating zone. The limits of those regions are the moving boundaries that determine their lengths, which in turn are dynamic variables. On the other hand, when using the FV model, the heat exchanger is divided in control volumes of a constant size.
Although FV models can be more accurate (MacArthur and Grald, 1989 , Cullimore and Hendriks, 2001 , Eborn et al., 2005 and Limperich et al., 2005 than MB models, they can require up to 15 control volumes to obtain good results (Bendapudi et al., 2008) . This occurs because there are much more conservation equations than in the MB approach, resulting in a lower execution speed. MB models can be developed about three times faster than FV models and that is very important for control and diagnostic purposes (Bendapudi et al., 2008 , Bendapudi, 2004 ).
The MB model was first pioneered by Wedekind et al. (1978) . This approach uses the concept of a mean void fraction (MVF), calculated from the local void fraction and defined as the cross-sectional area occupied by the vapour in relation to the total area of the flow channel.
This parameter can be calculated through different correlations and geometric definitions:
local, chordal, volumetric and cross-sectional (commonly used for two-phase flow) (Collier and Thome, 1994 and Thome, 2004) .
Extensive lists of void fraction models and correlations for internal flow are given by Rice (1987) , Woldesemayat and Ghajar (2007) , and Dalkilic et al. (2008) . Among them, one of the most common are the slip ratio correlations, where the void fraction depends on the vapour quality and some fluid properties (Wallis, 1969) . Dalkilic et al. (2008) The rest of the paper is organized as follows. In Section 2, the proposed model is described.
In Section 3, the correlations used to obtain the different mean void fractions are presented. In Section 4, the experimental test bench and tests used to validate the model are briefly explained. In section 5 the results are showed and, finally, in section 6 the main conclusions of this work are summarized.
Model description
An overview of the structure of the proposed model is shown in Fig. 1 . The model takes five parameters as input variables: refrigerant mass flow rate, ̇, evaporator inlet refrigerant enthalpy, ℎ , propylene glycol-water mixture mass flow rate and temperature, ̇ and , , respectively, and expansion valve static superheating degree, ΔT.
The model outputs are: length of evaporating zone, 1 , evaporating pressure, , evaporator outlet refrigerant enthalpy, ℎ , and tube wall temperatures in evaporation zone (1e) and
superheating zone (2e), ,1 and ,2 , respectively. From these outputs it can be easily derived the other measurable outputs, refrigerant outlet temperature, , , and glycol-water outlet temperature, , .
The expansion valve and evaporator model equations, the mean void fractions expressions used and the applied heat transfer coefficients are presented below.
Expansion valve
According to previous studies (Rasmussen, 2005) , the expansion valve mechanical dynamics are significantly faster than the expansion valve thermal dynamics, being the latter similar to the vapour compression system dynamics. Due to this difference, the valve is modelled with static relationships.
Under normal operation the mass flow rate through the component is a fraction of the maximum value given by the manufacturer's catalogue and is given by Eq.
(1) .
̇, is given in the Eq. (2).
is a parameter characterized by a general correlation (Saiz Jabardo et al., 2002) presented in Eq.
(3).
and depend on the valve chosen. For the current valve are equal to 2.433·10 -6 m 2 and 4.857·10 -8 m 2 K -1 .
The initial value of static superheating degree is obtained from manufacturer's data. Besides, an experimental correlation for the maximum superheating degree in terms of the static superheating degree is given by Eq. (4) . , = −0.75 + 1.75 (4) º
Evaporator
For modelling purposes, the refrigerant flow in the shell-and-tube evaporator ( Fig. 2a ) can be approached to an equivalent axial tube heat exchanger ( Fig. 2b ) (Grald and MacArthur, 1992) .
Thus, it can be considered that the glycol water mixture flows through the outer tube and the inner tube carries the refrigerant. As can be seen in Fig. 2 , the evaporator is represented with two zones: evaporation zone and superheating zone, whose lengths are the model outputs 1 (being also the moving boundary) and 2 , respectively.
In what follows, the governing partial differential equations are described, as well as the way to obtain the governing ordinary differential equations of the lumped parameter model.
The main simplifying assumptions of the model are as follow:
 The mass flow rate of the refrigerant is assumed to be the same throughout the two components of the subsystem.
 The fluid flow in the evaporator is one-dimensional.
 Pressure drops are negligible.
 The expansion process through the thermostatic expansion valve is isenthalpic.
 There is no axial heat transfer conduction in the fluid flow.
 There is no axial heat transfer conduction in the tube wall, and there is no wall temperature variation along its cross section.
 Heat conduction through the shell can be neglected.
The evaporator zones can be modelled from the Navier-Stokes generalized equations (Willatzen et al., 1998) and from the energy conservation equation in the evaporator's wall.
Due to the simplifying assumptions, the momentum equation can be eliminated (Eq. (5), (6) and (7)).
+̇= 0
Refrigerant mass balance (5)
Tube wall energy balance (7) The spatial dependence of the previous partial differential equations is taken away by integrating the equations over the length of each region (Zhang et al., 2006) . By applying Leibnitz's rule on the first terms and integrating the second terms, a set of six ordinary differential equations is obtained. The integration of Eq. (5) and (6) in the two-phase flow region requires to use the concept of mean void fraction, , to characterize the density and enthalpy, Eq. (8) and (9).
The six aforementioned ordinary differential equations are reduced to five after removing the refrigerant flow rate at the intermediate point, ̇, where vapour quality is 1. The resulting equations are shown in a compact form in Eq. (10) and the equations terms and are given in Table 1 and Table 2 . In this model, the enthalpy in the superheating zone, ℎ 2 , has been taken as the mean value between input and output enthalpy values of the zone. Then, all the other refrigerant properties are calculated from the pressure and mean enthalpy obtained in each iteration step.
Refrigerant properties as well as their time derivatives have been obtained from fitting equations derived from the values provided by REFPROP library (Lemmon et al., 2002) , what reduces the execution time in about three times.
Heat transfer coefficients
To obtain the heat transfer coefficients, α, there are many expressions available in the open literature (Bendapudi and Braun, 2002) for each different heat exchanger geometric configurations. In this case, as the model is intended to be used in both steady state and dynamic situations, it has been chosen those expressions which have shown a good performance in previous works such as entire vapour compression models or shell-and-tube evaporator models (Navarro-Esbrí et al., 2014) . The correlations selected and the equations used are expressed in Table 3 . Table 3 . Equations used to obtain the heat transfer coefficients.
Mean void fraction correlations
The mean void fraction and its time derivative are included in the coefficients (coefficient matrix) of the previous model, Eq. (10). Although there are different correlations for predicting void fraction in refrigeration applications (Wilson et al., 1998) , in this work it is chosen the local slip ratio (which can be correlated with different void fraction expressions).
The equation to calculate this parameter is shown in Eq. (11).
where = ( ⁄ ) and S is the slip ratio (or velocity ratio), which is defined as the ratio between the vapour and liquid speeds in the two-phase region (Thome, 2004) .
If S=1 is selected, the homogeneous model is obtained ( ℎ ). However, some authors note that it can be an inadequate representation and propose a slip flow two-phase model with S>1
because it provides improved experimental results (Jakobsen et al., 1999) .
The analytical void fraction models assume that some quantities, such as momentum or kinetic energy of the two phases, tend towards a minimum value. So, when the momentum flux is assumed to have a minimum value ( ) the velocity ratio S is given by Eq. (12).
Another frequently used expression to calculate S is proposed by Zivi ( ) (Rice, 1987) , Eq.
(13). This model was proposed for annular flow, with the assumption that no liquid is entrained in the central vapour core and that the total kinetic energy of the two phases will tend to be a minimum.
Aside from the previous analytical models, two empirical correlations obtained by Smith and
Chisholm are also used in this model (Collier and Thome, 1994) . These correlations depend on both evaporating pressure and vapour quality.
The Smith separated flow model provides the following slip ratio expression ( ), Eq. (14).
where e represents the fraction of liquid entrained in the gas as droplets. Eq. (14) is based on the assumption that the momentum fluxes in both phases are equal (Rice, 1987) .
The Chisholm correlation ( ℎ ) is derived from simple annular flow theory and equates the frictional pressure drops in the liquid and the gas phase, Eq. (15).
So, in this paper, five slip ratio correlations are used: ℎ , , , , ℎ . These expressions can be used in Eq. (11) to obtain the mean void fraction.
In this way, after using or in Eq. (11) and integrating along the two-phase zone, it can be obtained the mean void fraction, ( , ), Eq. (16). This expression depends on both the vapour quality and on the slip ratio correlation used (Fig. 3 represents the mean void fraction values obtained when = , varying and the vapour inlet quality). Fig. 3 . Quality based mean void fraction, S= .
However, when substituting or ℎ in Eq. (11), the resulting expression cannot be solved analytically. Instead, a numerical integration can be performed as proposed in Eq. (17). is the total amount of nodes, in this case it is equal to 10 in order to have enough accuracy (Zhang and Zhang, 2006) .
The time derivative ̇ (included in the right hand terms of the Eq. (10)) can be neglected in this case. This is because the mean void fractions calculated take almost constant values (this can be seen for = in Fig. 3 , particularly for <0.01).
The slip ratios and only depend on the evaporating pressure, and are calculated straightforward at each program step. But as and ℎ also depend on the vapour quality at each point of the evaporating zone, their mean values must be calculated at each time step along this zone; this is performed approximately by means of numeric integration.
Experimental plant and tests
The experimental plant is composed of a vapour compression system, using R134a as working fluid, and two secondary fluid circuits (Fig. 4) . The main circuit consists of an open type variable speed compressor, a shell-and-tube condenser, with refrigerant flowing along the shell and the water inside the tubes; a thermostatic expansion valve, and a DX shell-andtube evaporator thermally isolated, where the refrigerant flows inside the tubes (Table 4 ) and the secondary fluid along the shell. The evaporator secondary fluid circuit is a load simulation system (it makes possible to control the evaporator conditions). It consists of a tank with electrical resistances allowing the control of the evaporator's thermal load by means of a variable speed pump and a PID temperature controller. The secondary fluid is a water-propylene glycol (70/30 by mass percentage).
The experimental setup is fully instrumented to measure key variables (their location can be seen at Fig 4. ) Table 5 shows a summary of the measured parameters, the sensors used and the uncertainty associated. The signals generated are gathered with a data acquisition system and monitored and controlled through a personal computer. 
Results and discussion
In this section the comparison between experimental and model predictions using different slip ratio correlations (mentioned in brackets for each parameter considered) is presented.
Thus, the predicted model outputs (evaporating pressure, refrigerant outlet temperature and glycol-water outlet temperature), using different slip ratios correlations, are compared with the experimental measurements ( Fig. 5 to Fig. 10 ). It is also shown how the MVF corresponding to those slip ratios behave over the course of the tests.
As said before, the model inputs are incremented and decremented in the same amount. But since the trends are similar, it is only shown the model outputs for one performed change (either decrease or increase).
The root mean square (RMS) deviation is used to quantify the difference between each value predicted by the model and the experimental value measured , Eq. (18).
represents the outputs , , , , and the subindex represents the slip ratio expression used, described above (S=h, MF, Z, Sm, Ch) . k is the k-value of the data set and model results and represents the total amount of measurements in each test. The RMS values obtained with each void fraction correlation are given in Table 7 . Table 7 . RMS values.
In the following paragraphs, the system responses due to changes in input variables (refrigerant mass flow rate, evaporator inlet quality or glycol-water mixture flow rate) are analysed.
Changes in refrigerant mass flow rate
The changes in refrigerant mass flow rates are contemplated in tests from 1 to 6, with small changes (test 1 and test 2), medium changes (test 3 and test 4) and high changes (test 5 and test 6). Table 6 , the refrigerant mass flow rate in test 1 is changed from 0.0563 to 0.0548 As can be seen in Fig. 5 , the model correctly predicts the dynamics of the three outputs. The model results are very similar for and , (except with the homogeneous model) and
As shown in
converge quite well to the experimental values (being particularly good for , ), although a slight slower response in pressure predictions is detected. As the trend and dynamics of all outputs in test 2 are similar to those in test 1, the test 2 graphics are not shown in this paper.
From the RMS values given in Table 7 , it can be deduced that the slip ratio that produces best model performance, in terms of RMS values, in both tests is for and , (except in Test 2, where is a slight better), being the model predictions obtained using ℎ , and very close. The slip ratio that produces the highest values of RMS in the evaporating pressure and refrigerant outlet temperature is the homogeneous model.
From Table 7 it can also be seen that for , , the RMS differences are almost negligible.
The next group of transient responses are obtained with medium changes in refrigerant mass flow. Test 3 when it drops from 0.0556 to 0.0503 −1 and test 4 when it increases in about the same quantity from 0.0483 to 0.0543 −1 . In these two tests the changes are higher than previously. The model outputs transients for test 3 are shown in Fig. 6 . From Fig. 6 it can be seen that the model predicts correctly enough the dynamics of the three outputs, being the homogeneous correlation the one that gives higher errors in model predictions. The output trends are similar in both tests 3 and 4. All RMS values in tests 3 and 4 are greater than in tests 1 and 2.
According to the RMS values, the best performing slip ratios, in terms of RMS values, for and , in both tests are ℎ and (and their results are very similar). Equal to tests 1 and 2, the worst values are given by ℎ . Fig. 6c shows that , follows and approaches very well to the experimental values for all correlations. The maximum relative error in both tests is 0.13% for , ( ℎ ).
In test 5 and 6 the highest changes in mass flow rate are performed: in test 5 it drops from 0.0569 −1 to 0.0497 −1 and in test 6 it increases in a similar quantity, from 0.0497 −1 to 0.0603 −1 . Fig. 7 shows the behavior of the three model outputs in test 5. The transients of these model outputs also follow the experimental trends, particularly , . The other two outputs, i.e., and , , depart from the experimental values even more than in previous tests. RMS results for each slip ratio correlation are now even higher than in previous tests. For these two tests, the RMS results for and , are very similar to the previous tests. The empirical correlations of Smith and Chisholm are the best performing and, again, the worst performing correlation is ℎ .
As in previous tests, the model using any of the proposed slip ratio correlations follows and approaches very well to the experimental values for all correlations.
Changes in evaporator inlet enthalpy
The changes in evaporator inlet enthalpy are represented by tests from 7 to 10. Test 7 and test 8 show small changes and test 9 and test 10 present higher changes.
Analysing the small changes, in test 7 (Fig. 8) , evaporator inlet enthalpy increases from about 251 to 258 −1 , whereas in test 8, the inlet enthalpy drops from 256 to 251 −1 . Using all the slip ration correlations (except the homogenous one), the model outputs follow quite well the experimental values. As in all cases seen up till now, the homogeneous model predicts a lower pressure and a higher temperature than the experimental values, so both departs significantly.
The model predictions using ℎ , and are very next to the actual values for and , . Even is giving good model predictions. About , model predictions, again all the MVF correlations provide good results as it can be seen also in Fig 8. c.
Regarding to higher changes in evaporator inlet enthalpy, represented by test 9 and test 10, Fig. 9 shows the results of test 9. It can be seen as the results with the homogeneous correlation depart significantly from the other (as in previous tests). Comparing these results with those obtained in the previous test which evaporator inlet enthalpy is varied (7 and 8), it can be seen as the model outputs are closer to experimental values when inlet enthalpy variations are small. Besides, predictions are better when inlet enthalpy decreases. This can be stated analysing the RMS values. According to the RMS values obtained for in both tests 9 and 10, the best performing slip ratio is given by the homogeneous correlation. The maximum relative errors are observed in (S Ch ) and are: 3.30% and 2.37% in tests 9 and 10, respectively. RMS values in test 9 are higher than in test 7 and RMS values in test 10 are higher than in test 8. Thus, as it happens in the case of refrigerant mass flux changes, enthalpy variations also affect model deviations from the experimental values.
For , , as well as in tests 7 and 8, the homogeneous correlation is the worst performing with relative errors of 0.46% and 0.22% for , ( ℎ ) in test 9 and 10. For , , maximum relative errors are less than 0.1% for , ( ) in both tests 9 and 10.
Changes in glycol-water mixture flow
The next set of transient tests is the result of changes in propylene glycol water mixture flow (tests 11 and 12). In Fig. 10 the model outputs of test 11 are represented, which corresponds to a sharp glycol-water flow increase of 2.3 10 -4 3 −1 , (in test 12 a similar drop in glycolwater flow takes place). Once more the model outputs trends follow quite well the experimental values, and results with the homogeneous model depart significantly from the others, the latter being quite similar to each other. Again, , is predicted accurately using any of the correlations proposed in this work.
Conclusions
This paper presents a dynamic lumped parameter model for an evaporator with thermostatic expansion valve, using R134a as working fluid. The heat exchanger is modelled with the moving-boundary formulation whereas the expansion valve is described by a steady state model. In this model, several slip ratio correlations, used to calculate the mean void fraction parameter, have been used, and their influence on the model results has been analysed, comparing model predictions with experimental data measured from transient tests.
In general, the physical model used in this work predicts the evaporating pressure with a maximum relative error of ±8%, and the refrigerant and evaporator secondary fluid output temperatures with maximum relative errors always below 2%. As these errors usually 
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